Two kinds of high nitrogen-containing Ni-free austenitic stainless steels for medical applications were used for evaluation of fatigue behavior. One was an Fe-23%Cr-1%N stainless steel heat-treated in a N 2 gas atmosphere (NA alloy) and the other was an Fe 24%Cr-2%Mo-1%N stainless steel fabricated with an electro-slag remelting method in a pressurized N 2 gas atmosphere (P-ESR alloy). Fatigue tests were carried out both in air and in the phosphate-buffered saline solution, PBS(-). Cyclic stress with a sinusoidal waveform was applied to the specimen in a tension-to-tension mode with a stress ratio of 0.1 at a frequency of 20 Hz in air and 2 Hz in PBS(-). During testing, the saline solution was kept at 310 K and at the pH value of 7.5. A nitrogen-4% oxygen gas mixture was bubbled into the PBS(-).
Introduction
Soluble nitrogen (N) in steel has a high diffusion rate, significantly decreases martensitic transformation start temperature, 1) and causes solution strengthening and grain boundary strengthening. Nickel (Ni)-free, high-nitrogen austenitic stainless steels possess better mechanical properties and corrosion resistance than conventional austenitic stainless steels. 2, 3) Nitrogen (N), as a substitute element for nickel (Ni) which is a rare metal, is expected to contribute to resource conservation and promotion of recycling. Studies have been conducted on application of high nitrogen steel to equipment for oil exploration, automobile, aircraft and other transportation devices. At present, SUS 316L and other austenitic stainless steels are used as biomaterials, but it is known that Ni contained in such alloys may cause allergies in the human body. 4) Thus, recent studies have focused on the application of Ni-free, high-nitrogen austenitic stainless steels to bio-devices. 5) Recent technological progress has enabled the fabrication of Ni-free, high-nitrogen steels containing more than 1 mass% of N by using solid-phase nitrogen absorption (NA), N 2 -gas pressurized electroslag remelting (P-ESR), and mechanical alloying processes. Many studies on Ni-free, high-nitrogen steels prepared by these processes involve the investigation of mechanical properties and corrosion resistance. [5] [6] [7] [8] [9] [10] [11] Fatigue properties, however, have been reported in only a few reports, 12, 13) and corrosion fatigue in living body environments has rarely been studied.
In this study, we compare the fatigue behavior in air and in simulated body fluid for Ni-free, high-nitrogen steels prepared by NA and P-ESR processes.
Experimental Procedure

Materials
Two 20-kg ingots of an Fe-24Cr-2Mo (mass%) alloy (hereinafter referred to as the HFVM alloy) and an Fe-23Cr-1Mo-1N (mass%) alloy (hereinafter referred to as the P-ESR alloy) were prepared by using the high-frequency induction vacuum melting (HFVM) process and the N 2 -gas pressurized electroslag remelting (P-ESR) process, respectively. The fabrication process for the NA alloy is shown in Fig. 1(a) and that for the P-ESR alloy is shown in Fig. 1(b) . The HFVM alloy ingot was worked into round bars of 15 mm in diameter through hot and cold forging. The P-ESR alloy ingot, after being worked into 15-mm square bars through hot forging and rolling, was solution-heat-treated at 1503 K for 1.8 ks. Then, from both bars, smooth round bar specimens as shown in Fig. 2 were machined for tensile and fatigue tests. The surface of each specimen was polished in the longitudinal direction, finishing with #600 emery paper. The HFVM alloy, after being machined into specimens, was subjected to solid-state nitrogen absorption (NA) treatment at 1473 K for 259.2 ks in an atmosphere-controlled furnace with a nitrogen gas flow rate of 2 L/min, in such a way that the parallel portion of the specimens would have an austenitic single-phase structure (hereinafter referred to as the NA-1 alloy). The HFVM specimens NA-treated at 1473 K for 129.6 ks (hereinafter referred to as the NA-2 alloy) were also used in order to investigate any effects related to the duration of the NA treatment. After the NA treatment, the NA-1 and NA-2 specimens were polished again as described above and their mechanical properties were then examined.
The chemical composition of each alloy is shown in Table 1 . For the NA-1 and P-ESR alloys, the analytical value of impurity Ni was less than 0.01 mass%, and that of N was approximately equal to 1 mass%. In the NA-1 alloy, the Cr content decreased by about 1 mass% as a result of NA treatment.
Microstructure and phase identification
The microstructures of the parallel portion of unused specimens of the NA-1, NA-2 and P-ESR alloys were observed with an optical microscope using an etchant consisting of nitrohydrochloric acid and ethanol (hydrochloric acid : nitric acid : ethanol ¼ 3 : 1 : 0:1). Micrographs of the NA-1 and P-ESR alloys are shown in Fig. 3(a) and (b), respectively. For both the NA-1 and P-ESR alloys, an austenitic single-phase structure was observed, with a grain size of 30 mm for the P-ESR alloy and of about 500 mm for the NA-1 alloy, of which the grain size was more (b) Fe-24Cr-2Mo-1N (P-ESR) Table 1 Chemical composition of the HFVM, NA-1 and P-ESR alloys (mass%). than one order of magnitude larger than that of the P-ESR alloy. The grain size of the NA-2 alloy was approximately 500 mm, the same as that of the NA-1 alloy. Phase identification of the parallel portion of unused specimens was also carried out using X-ray diffraction (XRD). The XRD patterns of the NA-1, NA-2, and P-ESR alloys are shown in Fig. 4 . Only diffraction peaks for an f.c.c. structure were observed for all the alloys, and it was confirmed that each alloy had an austenitic single-phase structure. In order to examine the nitrogen absorption depth in the parallel portion of the NA-1 and NA-2 specimens, the hardness of their cross section was measured using a micro Vickers hardness tester (Fig. 5) . For both specimens, the hardness remained unchanged from the surface to the central portion. The microstructure observation, X-ray diffraction measurement and micro Vickers hardness measurement showed that the NA-1, NA-2 and P-ESR specimens had an austenitic single-phase structure.
Tensile tests
Tensile tests were performed at a cross-head speed of 0.5 mm/min (strain rate of 1 Â 10 À3 s À1 ) in air at room temperature using a screw driven testing machine with a load capacity of 100 kN (Autograph, Shimadzu Corp, Japan).
Fatigue tests
Fatigue tests were carried out in air at room temperature and in a simulated body fluid at 310 K. A 100-kN servohydraulic fatigue-testing machine was used under axial loading with a stress ratio (ratio of minimum to maximum stress) of 0.1. The loading frequency was 20 Hz in air and 2 Hz, close to the frequency of human walking motion, in the simulated body fluid. Figure 6 is a schematic illustration of a fatigue test in simulated body fluid. The simulated body fluid used was a phosphate buffer solution in which 8 g of NaCl, 0.2 g of KCl, 1.15 g of NA 2 HPO 4 (anhydrous), and 0.2 g of KH 2 PO 4 were dissolved in one liter of ultra-pure water (hereinafter the PBS(-)). Before testing, the PBS(-) was passed through a 0.22-mm membrane filter for sterilization, and 50 kIU of penicillin and 50 mg of streptomycin were then added per liter of the PBS(-) to prevent its decay. The simulated body fluid in the chamber was maintained at 310 AE 1 K. Considering the dissolved oxygen concentration in a living body, a gas mixture consisting of 4% O 2 and 96% N 2 was bubbled through the fluid at 20 cc/min during testing. The pH value was controlled at 7.5. After the fatigue test, the fracture surface was observed using a scanning electron microscope (SEM).
Experimental Results
Tensile tests
The mechanical properties of the NA-1 and P-ESR alloys are shown in Table 2 . The tensile strength was 1059 MPa for the NA-1 alloy and 1026 MPa for the P-ESR alloy, i.e., the former was about 30 MPa higher than the latter. The 0.2% proof stress was 685 MPa for the NA-1 alloy and 717 MPa, or about 30 MPa higher, for the P-ESR alloy. Elongation to fracture and reduction of area for the P-ESR alloy were two to three times higher than those for the NA-1 alloy, showing better ductility. Figure 7 shows the stress-plastic strain curves, which were obtained from the load-crosshead displacement curves, for the NA-1 and P-ESR alloys. The NA-1 alloy had a higher strain hardening rate than the P-ESR alloy. The tensile strength, elongation to fracture and reduction of area for the NA-2 alloy, which had half the NA treatment time of the NA-1 alloy, were roughly the same as those for the NA-1 alloy. Figure 8 shows the relationship between the stress amplitude ( a ) and the number of cycles to failure (N f ) (S-N curves) in air and PBS(-) for the NA-1 and P-ESR alloys. The S-N curves for the NA-1 and P-ESR alloys are represented by two broken lines, with the break point at 10 5 -10 6 cycles for the NA-1 alloy and at 10 6 -10 7 cycles for the P-ESR alloy. The slope of the S-N curve in the shorter life region with respect to the break point was more gradual for the P-ESR alloy than for the N-1 alloy. The variation of the fatigue life in air for the P-ESR alloy was examined by carrying out additional fatigue tests at the same relatively high stress amplitude, and it was found to range from one to two orders of magnitude.
Fatigue tests 3.2.1 S-N curves
For both the NA-1 and P-ESR alloys, the fatigue strength in PBS(-) was essentially not different from that in air. The fatigue strength at 10 7 cycles in both environments was approximately 245 MPa for the NA-1 alloy and approximately 320 MPa for the P-ESR alloy. Between the NA-1 and NA-2 alloys, fatigue strength at 10 7 cycles showed no significant difference.
Observation of fracture surfaces
The fracture surfaces of the NA-1 alloy tested in air are shown in Fig. 9(a) and (b) , and those for the P-ESR alloy tested in air are shown in Fig. 10(a) and (b) . In all the fatigue specimens used, cracks initiated at the specimen surface. For both the NA-1 and P-ESR alloys, in the vicinity of the crack initiation site cleavage-like appearances were observed. For both alloys, no appreciable differences were observed on the fracture surface between air and PBS(-) environments. The NA-1 alloy exhibited intergranular cracking beyond the fatigue-crack propagation region. The Crack initiation site fatigue fracture surface of the NA-1 alloy with a coarse grain size of about 500 mm was rough, indicating that the appearance of the fracture surface corresponds to the coarse grains. On the other hand, the P-ESR alloy with a relatively fine grain size of about 30 mm exhibited flat fatigue fracture surface. Between the NA-1 and NA-2 alloys, no significant difference was observed on the fatigue fracture surface.
Discussion
Effects of the microstructure on fatigue strength
Generally, there is a positive correlation between fatigue strength at 10 7 cycles and tensile strength; and the fatigue strength increases with increasing tensile strength. There was no significant difference in tensile strength between the two alloys. As shown by the S-N curves in Fig. 7 , however, the fatigue strength at 10 7 cycles in air for the NA-1 alloy was about 70 MPa lower than that for the P-ESR alloy. In order to discuss the difference in the fatigue strength, maximum stress was used in place of stress amplitude for the vertical axis in Fig. 8 (Fig. 11 , in which the 0.2% proof stress for the NA-1 and P-ESR alloys is also given). Figure 11 shows that the fatigue test was generally conducted using a maximum stress below the 0.2% proof stress for the NA-1 alloy, but a maximum stress above the 0.2% proof stress for the P-ESR alloy. Nakazawa et al. 14) reported that in general, when the maximum stress, max , is used in the S-N curve for the stress axis in place of the stress amplitude, the fatigue strength at 10 7 cycles in air and in a simulated body fluid for austenitic and ferritic stainless steels is higher than the 0.2% proof stress. Thus, it is considered that the fatigue behavior of the NA-1 alloy is atypical.
In a high-stress amplitude region where low-cycle fatigue occurs, when the ratio of tensile strength to yield strength is larger than 1.4, cyclic hardening is observed, whereas cyclic softening is observed when the ratio is smaller than 1.2. When the ratio is between 1.2 and 1.4, neither cyclic hardening nor softening occurs. 15) In this work, the ratio was approximately equal to 1.4 for the P-ESR alloy and 1.5 for the NA-1 alloys. Thus, hardness tests were carried out before and after fatigue tests for the P-ESR and NA-1 alloys in order to examine whether the alloys exhibited cyclic hardening or softening. First, fatigue tests were conducted under the conditions of a ¼ 300 MPa for the NA-1 alloy and a ¼ 375 MPa for the P-ESR alloy. Vickers hardness tests were then carried out using a cross section near the fracture surface. While the hardness for the NA-1 alloy before the fatigue test was H V ¼ 379 AE 17:1 as shown in Table 2 , the hardness after the test was H V ¼ 351 AE 15:5, about 30 lower. For the P-ESR alloy, the pre-test H V was 400 AE 7:5, as shown in Table 2 , while the post-test H V was 404 AE 13:3, indicating virtually no change in hardness. Thus, it is obvious that in the NA-1 alloy, cyclic loading caused softening, whereas in the P-ESR alloy, cyclic loading caused neither softening nor hardening. This result indicates that the cyclic deformation behavior of the two alloys was different from that predicted by the ratio of the tensile strength to the yield strength. It is not clear why alloys prepared by different processes but with almost the same composition and an austenitic single-phase structure exhibited different cyclic deformation behavior. In order to clarify the difference in the cyclic deformation behavior between both alloys, further studies on cyclic stress-strain curves obtained in straincontrolled fatigue tests as well as transmission microscopy of the cyclic deformation structures will be required. The tensile strength is, in general, only slightly affected by defects, such as inclusions, coarse precipitates and other microscopic flaws, and is regarded to be the average property of a whole specimen, whereas fatigue strength is strongly influenced by these defects, and often determined by the weakest part of the specimen.
16) The NA-1 alloy was heattreated at a high temperature of 1473 K for an extended period of time of 259.2 ks. Therefore, the NA-1 alloy with coarse grains and segregation of impurities probably exhibited reduced fatigue strength.
In Ni-free high-nitrogen-containing steels, nitrogen may cause lower stacking fault energy, creating deformationinduced martensitic transformation and reduced fatigue strength. Thus, the effect of nitrogen on fatigue behavior is expected to be pronounced at high stress amplitudes. In order to examine the effects of the deformation-induced martensite on fatigue strength, the NA-1 specimen tested at a ¼ 340 MPa in air and the P-ESR specimen tested at a ¼ 400 MPa in air were used for XRD measurements. The results are given in Fig. 12 . Because no martensitic phase was found in either the NA-1 or the P-ESR alloys, the effect of the deformation-induced martensite, if any, is considered to be slight.
Effects of the NA treatment time on fatigue strength
NA treatment may cause grain coarsening and segregation of impurities because of heating at high temperature for an extended period of time. Therefore, the NA-2 alloy heated for 129.6 ks at 1473 K was used to examine the microstructure and mechanical and fatigue properties for comparison with those of the NA-1 alloy heated for 259.2 ks at 1473 K. The NA-2 alloy had a grain size of about 500 mm, nearly the same as that of the NA-1 alloy. Neither the tensile properties nor the fatigue strength showed significant differences from those for the NA-1 alloy, suggesting that the effects of segregation of impurities on the mechanical properties of the two alloys do not differ widely. From these results, it is suggested that the effect of grain coarsening and segregation of impurities to grain boundaries caused by NA treatment was saturated at an early stage before 129.6 ks elapsed.
Effects of the specimen surface layer on fatigue
properties The S-N curve for the P-ESR alloy in air shown in Fig. 8 indicates that there is a difference of an approximately 2 orders of magnitude in fatigue life between a ¼ 375 MPa and a ¼ 350 MPa, and that, in the high stress amplitude region, a small scatter of fatigue life is observed. Figure 13 (a) and (b) shows SEM photos of the surface of the specimens tested at a ¼ 400 MPa and 375 MPa, respectively, which exhibited shorter life. Numerous cracks were found on the surface of the specimens, whereas no cracks were found on the surface of the specimens tested at the same a level which exhibited longer life. The P-ESR fatigue specimens were machined from a 15-mm square bar that was prepared by repeated heating and hot-forging followed by solution heat treatment. The machining may cause localized plastic deformation near the surface of the P-ESR specimens. For specimens prepared by machining, the machined layer of the surface is usually removed before fatigue testing using grinding and polishing with emery paper. In this study, although the same process was also performed before fatigue testing, the damaged layer of the specimen surface could not always be removed. Because the P-ESR alloy is difficult to machine and has high machining resistance, the machining process is expected to cause heavy plastic deformation near the specimen surface. Therefore, the surface hardness of the P-ESR specimen was measured using a micro Vickers hardness tester. The hardness, H V , was found to be about 500, whereas the interior hardness, H V , of the P-ESR alloy was about 400 as shown in Table 2 . In other words, the former was about 100 higher than the latter. It is suggested that this increased hardness was due to work hardening caused by machining. This is one reason that the machined layer was not always removed and that the P-ESR specimens are expected to exhibit a scatter of fatigue life as shown in Fig. 8 . The slope of the S-N curve for the P-ESR alloy in Fig. 8 is more gradual than that for the NA-1 alloy. This agrees with the results reported by Sumita et al., 17) who conducted fatigue tests on smooth and notched (K t ¼ 3:5) specimens of a 800-MPa-grade high-tension steel. They reported that the slope of the S-N curve for the notched specimens was more gradual than that for the smooth ones. This result was explained by the fact that the notched specimens had a much shorter crack initiation life than the smooth ones. Similarly it is suggested that, for the P-ESR specimens, which exhibited microcracks on the specimen surface during low-cycle fatigue testing as shown in Fig. 13 , the shorter crack initiation life than that for the NA-1 specimens caused the more gradual slope of the S-N curve. Therefore, we expect that sufficient removal of the machined layer and/or solution treatment after machining will increase the crack initiation life in the lowcycle region, thereby producing a steeper slope of the S-N curve and improving the total fatigue life.
Comparison with other metallic biomaterials with
respect to fatigue strength Most metallic biomaterials currently used in the field of orthopedics are industrial pure titanium, titanium alloys (typically Ti-6Al-4V alloy), stainless steel and Co-Cr alloy. The relationship between fatigue strength at 10 7 cycles and tensile strength in air and in simulated body fluid is given in Fig. 14 . 15, 18, 19) For all of the metallic biomaterials, no appreciable differences were seen in fatigue strength at 10 7 cycles between air and simulated body fluid environments. There is a strong correlation between the fatigue strength at 10 7 cycles and the tensile strength: As the tensile strength increases, so does the fatigue strength. Although the fatigue strength had a strong correlation with the tensile strength, the fatigue strength at 10 7 cycles for the NA-1 alloy was several tens of MPa lower than that for the Ti-6Al-4V (Ann) alloy, which has about the same tensile strength as the NA-1 alloy.
On the other hand, the fatigue strength for the P-ESR alloy was several tens of MPa higher than that for Ti-6Al-4V alloy and the P-ESR alloy has been proven to have better fatigue properties than other metallic biomaterials.
Conclusions
Using Ni-free, high-nitrogen steels prepared by either NA (solid-state nitrogen absorption) or P-ESR (nitrogen gas pressurized electroslag remelting) processes, fatigue tests were performed both in air and in simulated body fluid. The following results were obtained.
(1) The NA-1 (NA-treated at 1473 K for 259.2 ks) alloy showed no differences in fatigue strength between air and simulated-body-fluid environments; fatigue strength at 10 7 cycles was about 245 MPa in both environments. No significant differences were seen in fatigue behavior, either, between NA-1 and NA-2 (NA-treated at 1473 K for 129.6 ks) alloys.
(2) The P-ESR alloy showed no differences in fatigue strength between air and simulated-body-fluid environments; fatigue strength at 10 7 cycles was about 320 MPa in both environments. (3) The characteristics of the NA-2 alloy, for which the NA treatment time was one half longer than that for the NA-1 alloy, were examined through microstructure observation, XRD, and tensile and fatigue tests. As a result, it was found that the effect of grain coarsening and segregation to grain boundaries caused by NA treatment was saturated at an early stage before 129.6 ks elapsed. (4) It was clarified that the surface of the P-ESR specimens was greatly influenced by machining. Thus, it is necessary to sufficiently remove the machined surface layer of the specimens and/or to solution-treat the specimens before fatigue testing. 
